Applying synthetic biology to engineer gut-resident microbes provides new avenues to investigate microbe-host interactions, perform diagnostics, and deliver therapeutics. Here, we describe a platform for engineering Bacteroides, the most abundant genus in the Western microbiota, which includes a process for high-throughput strain modification. We have identified a novel phage promoter and translational tuning strategy and achieved an unprecedented level of expression that enables imaging of fluorescent-protein-expressing Bacteroides stably colonizing the mouse gut. A detailed characterization of the phage promoter has provided a set of constitutive promoters that span over four logs of strength without detectable fitness burden within the gut over 14 days. These promoters function predictably over a 1,000,000-fold expression range in phylogenetically diverse Bacteroides species. With these promoters, unique fluorescent signatures were encoded to allow differentiation of six species within the gut. Fluorescent protein-based differentiation of isogenic strains revealed that priority of gut colonization determines colonic crypt occupancy.
INTRODUCTION
The human gastrointestinal tract is a highly evolved humanmicrobial interface in which resident microbes have been selected over millennia to sense and respond to numerous biochemical cues. Due to their integration with the immune system, metabolism, and the nervous system (Cho and Blaser, 2012; Hooper et al., 2012; Sampson and Mazmanian, 2015; Sommer and Bä ckhed, 2013) , gut-adapted bacteria have untapped potential to be engineered to conduct specific tasks, record events, and make decisions. Such technology necessitates the development of genetic tools for manipulating members of the microbiota. Creation and implementation of such a toolkit would vastly expand the array of questions about the gut microbiota that can be experimentally addressed and provide a foundation for engineering diagnostic or therapeutic microbes.
Sophisticated genetic tools are needed for abundant gut bacterial species. While great advances have been made with genetic manipulation of E. coli, this species is typically not a prominent component of the healthy adult microbiota (Human Microbiome Project Consortium, 2012; Yatsunenko et al., 2012) . The Bacteroides, the most abundant genus within the gut of US residents (Human Microbiome Project Consortium, 2012; Yatsunenko et al., 2012) , are capable of utilizing both dietary and host-derived nutrient sources Sonnenburg et al., 2005) , are known to have an important role in immune development (Dasgupta et al., 2014; Mazmanian et al., 2005; Sefik et al., 2015) , and possess a vast array of sensors relevant to the gut environment (Xu et al., 2003) . Although tools are available for genetic manipulation (Goodman et al., 2009; Koropatkin et al., 2008; Wang et al., 2000) and expression in Bacteroides (Mastropaolo et al., 2009; Mimee et al., 2015; Parker and Jeffrey Smith, 2012; Smith et al., 1992; Whitehead and Hespell, 1990) , genomic integrations are limited in throughput (several at one time) and laborious (> 7 days) due to the requirement of bacterial conjugation. Even the strongest promoters identified to date are insufficient for in vivo microscopic imaging of fluorescent protein expression (Mimee et al., 2015) . Here, we expand the genetic tools available for engineering Bacteroides so that hundreds of constructs can now be easily assembled and integrated and so that protein expression can be tuned systematically and predictably, greatly exceeding levels previously available. These tools function across the Bacteroides genus and are compatible with long-term colonization and imaging in mice. We apply these tools to examining differences in localization between an established and an incoming isogenic Bacteroides strain, which reveals the incoming strain that fails to entrench is excluded from the colonic crypts.
RESULTS

High-Throughput Genomic Integration
We adapted the NBU2 integration plasmid (Wang et al., 2000) for compatibility with Golden Gate cloning (Engler et al., 2008) to enable rapid and reliable plasmid construction and genomic integration. These modifications allow for basic DNA parts to be assembled into expression cassettes on Bacteroides integration plasmids in a one-pot reaction ( Figure S1 ). We also developed a conjugation protocol that can be executed with 96-well-compatible liquid handling steps to improve throughput of genetic modification. When combined with Golden Gate cloning, the entire process of going from basic DNA parts to colonies of Bacteroides with genomically integrated constructs can be performed in 3 days with high-throughput liquid handling (Figure 1) . To assess the accuracy of this protocol, we performed 40 different 4-piece assemblies and genomically integrated these constructs into 4 different species of Bacteroides: B. thetaiotaomicron (Bt), B. vulgatus (Bv), B. ovatus (Bo), and B. uniformis (Bu) . A success rate of more than 99% was achieved using our new pipeline, with similar success rates for each species (Table S1 ).
Developing High-Expression Tools
Expression of heterologous proteins in Bacteroides at levels sufficient for detection in vivo has been a substantial challenge. Our initial attempt to produce high protein expression in Bt using the 16S rRNA promoter (P rRNA ), previously used for high expression (Mastropaolo et al., 2009) , combined with the Bacteroides consensus ribosome binding site (Tribble et al., 1999) (RBS) driving GFP failed to produce fluorescence above background levels. In an attempt to identify a strong RBS sequence and maximize protein production via translation, we designed three different RBS libraries: an AG-rich degenerate sequence resembling the reported consensus sequence (Tribble et al., 1999) , a completely degenerate sequence, and an AT-rich sequence resembling the residues found upstream of B. fragilis (Bf) phage genes (Hawkins et al., 2008; Ogilvie et al., 2012) . When tested with P rRNA and a fructose inducible promoter, P BT1763 , we found that our AT-rich library sequence, N 9 W 3 A 3 W 2 TWANAATAATG, produced substantially stronger expression sequences than the other two libraries, while the AG-rich library produced even weaker expression than the unbiased degenerate sequence (Figures 2A, S2A , and S2B). Our phage-based RBS library sequence is similar to the AT-rich RBSs of highly expressed native Bacteroides genes (Wegmann et al., 2013) . Despite the improvements in translation, our highest expression strain produced fluorescence only 40% above background, leading us to search for stronger promoters.
We synthesized and tested 17 sequences with a high identity to the Bacteroides promoter consensus sequence (Bayley et al., 2000) found within either of two published B. fragilis phage genomes (Hawkins et al., 2008; Ogilvie et al., 2012) to identify a strong promoter. We varied the length of our highest strength phage promoter and used an upstream intrinsic terminator for reduced context dependence. The promoter sequence from À100 to +20 from the putative transcription start site, based on homology (Bayley et al., 2000) , produced the highest expression ( Figure S2C ). This phage promoter, here termed P BfP1E6 , was compared to P rRNA , the two strongest native Bt promoters (P BT1830 and P BT4615 ) we identified from available transcriptional profiling data (Sonnenburg et al., 2005) , and the strongest promoter from a recent publication on synthetic biology tools for Bt, P BT1311 (Mimee et al., 2015) . For each promoter tested, an AT-rich RBS library of 192 RBSs was screened, and the strongest RBS constructs for each promoter were compared. Strains with P BfP1E6 -driven expression produce fluorescence approximately 10-fold higher than the next highest promoter, P BT4615 , 40-fold higher than P BT1311 , and 70-fold higher than P rRNA (Figure 2B, black bars) . Replacing the individually optimized RBSs with the RBS optimized for the phage promoter produced similar results ( Figure 2B , gray bars). Recent attempts to express detectable levels of GFP in Bacteroides have been unsuccessful (Mimee et al., 2015) ; however, our phage promoter and optimized RBS enabled strong GFP expression from a single genomic integration that can be easily detected by eye under UV light ( Figure 2C ).
High Expression from P BfP1E6 Does Not Result in Detectable Fitness Defects In Vivo
We next assessed whether high protein expression results in a loss of Bt fitness. In culture, a 50:50 mix of the high-GFP-expression (P BfP1E6 ) Bt strain and a non-expressing control Bt strain maintained at $50% relative abundance of each strain after > 100 generations of growth ( Figures S3A and S3B ). Next, a 50:50 mix of the two strains was inoculated into germ-free mice (n = 5) to assess the fitness burden of high, constitutive protein expression in vivo. No significant difference in abundance between the strains was observed over the course of 14 days, tested by assessing single-colony fluorescence from plated fecal samples, with a small reduction from 50%-35% of the GFP-expressing strain during the next 8 weeks ( Figure 3A ). Imaging of the distal colon at day 71 post-colonization revealed a strong endogenous GFP fluorescence signal in $37% of the Bt , consistent with data from plating ( Figure 3A) .
Considering the possibility that the fitness burden of high protein expression would be greater in a complex community than in culture or gnotobiotic mice, we inoculated Bt with either P BfP1E6 -driven GFP expression or without GFP expression into The pipeline was applied to 54 specifically designed genomically integrated cassettes across four Bacteroides species, resulting in > 99% correct plasmid assembly. conventional mice harboring a complex microbiota and monitored abundance by selective plating over 30 days. After introduction of Bt, both the control and the GFP expressing strain maintained a stable colonization level at $4% of the total culturable anaerobes for the 30-day duration of the experiment, with no statistically significant difference between the two strains ( Figure 3C ). Therefore, high expression of GFP driven by P BfP1E6 does not impose a detectable fitness burden in a complex community in the mouse gut, illustrating that an engineered prominent gut microbe is compatible with long-term colonization in vivo.
To characterize the variability of the phage promoter under different in vivo and in vitro conditions, we measured transcript levels at different growth phases in culture and from different locations in gnotobiotic mice. Transcripts, measured via qRT-PCR, from P BfP1E6 were relatively similar in all gut locations and culture conditions tested with less than a 4-fold maximum difference, while P rRNA transcripts decreased more than 40-fold between mid-log and late-log growth phases ( Figure S3H ). Achieving high, reliable expression with this minimal fitness burden enables a wide range of novel applications, including genetically labeling strains such that very similar or isogenic strains can be distinguished in vivo over multiple weeks, which is not possible with any current imaging methods.
Mutational Analysis Yields Interchangeable Promoters of Varying Strengths
To characterize how changes in the phage promoter sequence influence expression levels, we constructed 214 Bt strains, each with a single mutation in the promoter driving GFP for 94% of all possible mutations in the 76 residues upstream of the transcription start site ( Figure 4A and Table S2 ). No single mutation significantly increases expression, suggesting that native sequence achieves a local optimum for expression. Based on previous literature (Bayley et al., 2000) , we expected promoter activity to be most influenced by mutations in the residues between À4 and À54, particularly in the À7 and À33 regions ( Figure 4A , highlighted in blue). However, we found that the À33 position is far less important than expected, while mutations in previously uncharacterized sequences at À49 to À53 and À60 to À64 ( Figure 4A , highlighted in red) decreased promoter activity. Consistent with these data, the À51 region is more highly conserved in native Bt promoters than the À33 region (Figure S4A ). The region upstream of the À33 is expected to contain the UP element (Bayley et al., 2000) , which remains to be characterized in the Bacteroidetes phylum. The spacing of the GTTAA motifs within these two newly identified regions is consistent with the proximal ($À42) and distal ($À52) UP elements of E. coli (Estrem et al., 1999) but shifted in location by $10 nucleotides.
Using data from the mutational analysis, we created a set of eight constitutive promoters spanning a 30,000-fold expression range by introducing single or multiple mutations in P BfP1E6 (Figure 4B and Table S3 ). Using purified luciferase protein, we estimated the protein concentrations from these constructs range from $0.5-14,000 nM ( Figures S4B and S4C) . The relative expression level of GFP and mCherry matched levels expected from luciferase expression for the five strongest promoters that produce detectable fluorescence ( Figure S4D ). As a complementary means of controlling expression levels, we also generated eight RBSs spanning more than five orders of magnitude ( Figure 4C) . As protein expression level is the product of promoter and RBS strength, in combination, these promoters and RBSs give a large theoretical expression range.
Although RBSs are highly context dependent and need to be generated specifically for each protein sequence of interest, the eight constitutive promoters in this set differ by only a few residues upstream of transcription initiation and thus are expected to function predictably when driving different protein-RBS combinations. Additionally, because core transcriptional and translational machinery is highly conserved, we expected these expression tools to function predictably across the Bacteroides genus. [Mimee et al., 2015] ) and transcriptomics data (P BT1830 and P BT4615 ) are compared to the phage promoter P BfP1E6 via fluorescence from GFP expression. The RBS used is either the strongest RBS from a 192-member RBS library for each promoter (black bars) or the strongest RBS from the P BfP1E6 RBS library (gray bars). Error bars represent the 95% confidence interval for replicates of at least three independent experiments. (C) A cell pellet from non-expressing Bt (left) is compared to a pellet with Bt harboring a P BfP1E6 -driven GFP expression construct (right) suspended over a UV box, producing fluorescence that is clearly visible by eye.
was calculated by multiplying the relative promoter and RBS strengths determined in Bt (Figures 4B and 4C) . We found high correlation between expected and measured expression over a 1,000,000-fold range in all four species with R 2 ranging from 0.95 in Bt to 0.89 in Bv ( Figure 4D ). Additionally, the promoters produce the expected relative levels of GFP in Bt, Bv, Bo, Bf, and Bacteroides eggerthii (Be) ( Figure S5A ). We know of no other promoter set developed that spans a wider expression range and functions predictably in diverse species within the same genus.
Encoding Unique Fluorescent Protein Signatures Enables Distinction of Six Species within the Gut
We engineered six different Bacteroides species using our panel of promoters to produce a unique fluorescent signature that could be imaged in vivo. One of three levels of GFP expression, plus one of two levels of mCherry expression, were genomically integrated into each species. Strain level differentiation in mixed communities, which is difficult using established methods such as fluorescence in situ hybridization (FISH), was achieved at the single-cell level ( Figure 5A ). We next introduced either the full set of engineered species or a subset of three species into germ-free mice. After 14 days of colonization, mice were sacrificed, distal colon sections were imaged, and single-cell fluorescent profiles were quantified (Figures 5B and S5B-S5I). Comparison of the six-species and three-species communities indicates a low cell identification error ($6%) in the six-member community ( Figure S5G ), which is further reduced in a Bt and Bf twomember community (Figures S5H and S5I) . Transformation of fluorescent signatures enables visual differentiation of six coresiding Bacteroides species within the gut ( Figure 5C and 5D) and observation of Bacteroides species differentially localizing in dietary plant material within the gut ( Figure 5E ). These tools open the door for investigating how single-cell function intersects with spatial microbiota dynamics. In addition to distinguishing strains with constitutive reporter expression, P BfP1E6 can be used to assess the state of recombinase-based logic gates. As an initial test, we employed transcriptional logic gates and insulator parts, developed in E. coli (Bonnet et al., 2013; Lou et al., 2012) , to successfully control P BfP1E6 expression of GFP ( Figure S6 ). This suggests that in the future, it may be possible to link to P BfP1E6 -driven reporter expression with weaker promoter activation, including recording past events, to study localization of single-cell transcriptional events within the gut.
Quantifying Isogenic Strain Localization Reveals Reduced Crypt Colonization by Subsequently Introduced Strains
A previous study demonstrated that colonization of the mouse gut by Bacteroides can prevent subsequent super-colonization of an isogenic strain (Lee et al., 2013) . Association with the crypt was suggested to play an important role in maintaining the population, since strains lacking a genetic component necessary to prevent super-colonization showed deficiencies in crypt association (Lee et al., 2013) ; however, crypt localization was not previously examined in the context of a super-colonization experiment due to the difficulty of resolving localization of isogenic strains. We assessed the ability of two sequentially introduced isogenic Bt strains to colonize a conventional mouse gut, and consistent with the previous report, we found that priority of arrival determines persistent colonization ( Figure 6A ).
To investigate the role of crypt association in the exclusion phenomenon, we applied the genetic tools developed here to directly image the localization of a GFP-expressing incoming Bt strain relative to an established RFP-expressing Bt strain in gnotobiotic mice ( Figure 6B ). As a control, both Bt strains were introduced coincidently. When simultaneously colonized, imaging of the lumen and crypts of the proximal colon revealed approximately equal abundance of the two strains in both locations ( Figure 6C -6E, Table S6 , and Movie S1); however, when the GFP-expressing Bt was introduced seven days after the RFPexpressing Bt, a dramatically lower level of GFP-expressing Bt was observed in the lumen after only 24 hr (0.73% ± 0.15% sequentially colonized compared to 52% ± 6% co-colonized; p = 0.002 using a paired two-tailed Student's t test). The difference, however, was even more striking in crypt colonization (Figure 6C , 6F, and Movie S2; 0.07% ± 0.14% sequentially colonized A B C Figure 3 . Determining the Impact of High Protein Expression on In Vivo Fitness (A) Fitness of the high expression Bt strain, with P BfP1E6 -driven GFP, is tested in competition against a non-expressing strain showing only a minor fitness defect and stable colonization over a 10-week period in gnotobiotic mice.
(B) The bi-colonized mouse from (A) with the median ratio of expressing and non-expressing strains was selected. Imaging of the distal colon demonstrates that the endogenous fluorescence from the GFP-expressing portion of the population is sufficient for detection in vivo. Host tissue (upper right) is bordered by phalloidin stain of actin (red), and luminal contents contain both expressing (green) and non-expressing (blue; DAPI only) Bt. Scale bar, 10 mm. (C) Conventional mice were colonized with either Bt harboring a P BfP1E6 -driven GFP or a control strain not expressing GFP. Bt abundance was assessed via selective plating (solid lines). High GFP expression does not reduce the ability of Bt to colonize a complex community, with Bt comprising $4% of the culturable anaerobes (dashed lines) over 30 days with no significant difference between GFP-expressing and control strains. Error bars represent the 95% confidence interval for groups of at least 4 mice. A) The fluorescence of 214 Bt strains, each containing a mutation in the P BfP1E6 promoter, is compared to the P BfP1E6 level. The x axis represents the position of each mutation, and diamonds, circles, triangles, and squares represent a mutation to the residue A, C, G, or T, respectively, with the average mutant value at each position traced in gray. The previously characterized À7 and À33 motifs are highlighted in blue, and the putative UP element motifs revealed here are highlighted in red. (B) Constitutive promoters derived from P BfP1E6 are compared via luciferase-expression-dependent luminescence relative to P BfP1E6 . (C) Different RBSs under P BfP1E6 -driven luciferase are compared. RBS1 was rationally designed for weak expression, and RBS2-8 were selected from the AT-rich RBS library. Error bars represent the 95% confidence interval for replicates of at least three independent experiments. (D) Phage promoter set can predictably tune protein expression across the Bacteroides genus. Luminescence was measured from 56 promoter-RBS combinations (all possible Figures 4B and 4C combinations, excluding the weakest promoter) driving luciferase expression in each of four species: Bt, Bv, Bo, and Bu. Measured luminescence is plotted against expected luminescence calculated by multiplying relative promoter and RBS strengths in Bt (Figures 4B and 4C) . Individual strains measurements, a linear fit of log 10 values, and associated R 2 are colored by species: Bt (blue), Bv (red), Bo (green), and Bu (purple).
compared to 49% ± 4% co-colonized; p = 0.003). This underrepresentation of the incoming species in the crypts relative to the lumen (0.07% and 0.73%, respectively; p = 0.029) provides additional evidence that crypt colonization plays an important role in Bacteroides entrenchment in the gut and provides a first example of how these tools can be leveraged to investigate gut microbiota spatial organization while providing strain-level resolution.
DISCUSSION
Our platform for rapid modification of Bacteroides with strong and predictable expression adds to an emerging palette of tools (Earle et al., 2015; Geva-Zatorsky et al., 2015; Goodman et al., 2009; Koropatkin et al., 2008; Mimee et al., 2015) that can synergize to add new dimensions to our understanding of gut ecology. At one extreme, our data reveal new facets of Bacteroides promoter architecture providing an example of how our high throughput strain generation can yield basic molecular insight ( Figure 4A ). At the other extreme, our tools enable the genetic labeling of Bacteroides, revealing how differences in localization are associated with failure to entrench in the gut microbiota (Figure 6 ). Our imaging approach, which complements the existing tools for probing the wider phylogenetic diversity via fluorescent probe hybridization to 16S rRNA (Valm et al., 2011) or specifically labeling strains via chemical modification of capsule residues , is uniquely well-suited to distinction of closely related strains over many cell divisions. Future investigations that define the single-cell behavior of commensals in the context of the complex and dynamic gut ecosystem will be facilitated by genetic tools. For example, localization of Bacteroides to the epithelium is associated with inflammatory bowel diseases (Swidsinski et al., 2005) , and specific species are capable of driving pathology (Bloom et al., 2011) , thus tools for tracking individual species may help to establish a link between pathology and localization. Similarly, as the role specific genes play in localization continues to be elucidated (Lee et al., 2013) , these tools can extend imaging studies to include native or complex gut communities. Incorporating recombinase-based logic (Bonnet et al., 2013;  Figure S6 ) will enable transcriptional events, including memory of co-occurrence, order, or other logic, to be visualized within their spatial context.
Beyond probing gut ecology, the ability to engineer gut commensals creates a new avenue for developing cellular therapeutics (Fischbach et al., 2013) . Having evolved as a natural Figure 6C is outlined with a dashed white box. Scale bar, 10 mm. (E) An image from the six-member community one day post-colonization shows more clonal Bacteroides population distributions within ingested plant material (plant cell walls in purple) in the distal colon. Bo (cyan) predominates in this image, while populations of Bt, Bu, and Bv can also be seen.
interface between ourselves and beneficial foreign genetic material, gut commensals may be ideal candidates for producing or removing molecules associated with disease or influencing our immune system. The diverse sensing and signaling pathways of gut microbes and the plasticity of the gut microbiota, when coupled to synthetic biology, will provide a novel and powerful avenue to new modalities for diagnostics and therapeutics.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Bacteria
To assay reporter activity in Bacteroides strains, glycerol stocks of Bacteroides strains were streaked out on Brain Heart Infusion Blood Agar (BHI-BA) plates with the appropriate antibiotics (200 mg/mL gentamycin, and 25 mg/mL erythromycin or 2 mg/mL tetracycline), and after a 24-30 hr anaerobic (85% N 2 , 10%CO 2 , 5% H 2 ) incubation at 37 C, at least 3 colonies were picked into tryptoneyeast extract -glucose (TYG) growth medium (per liter: combine 10 g Bacto Tryptone, 5g yeast extract, 2g glucose, 0.5g L-cysteine, 100ml of 1M pH 7.2 KPO 4 , 1ml of 1mg/ml vitamin K3 solution, 40ml of TYG salts solution (per liter: 0.5g MgSO 4 $7H 2 O, 10 g NaHCO 3 , 2g NaCl), 1ml of 0.8% CaCl 2 solution, and 1ml of 0.4 mg/ml FeSO 4 , autoclave then add 1ml hematin-histidine solution (12mg hematin dissolved in 10mL 0.2M pH8 histidine solution)) with antibiotics (25 mg/mL erythromycin or 2 mg/mL tetracycline) and grown anaerobically at 37 C for 14-20 hr. Table S4 Recombinant DNA Plasmids, deposited in GenBank This paper; Table S5 GenBank: KY776503-KY776554 (Shaner et al., 2004) was measured after twice spinning cultures down and resuspending in PBS followed by oxygen exposure for at least 60 min. The Nano-Glo Luciferase Assay System (Promega) was used for luciferase assays. Fluorescence, OD 600 and luminescence readings were taken on a TECAN Infinite 200 PRO microplate reader with a 5 nm band pass excitation/emission of 488/510 and 580/610 nm for GFP and mCherry respectively.
Mice
Mouse experiments in this study were performed in strict accordance with a Protocol for Care and Use of Laboratory Animals approved by the Stanford University Administrative Panel of Laboratory Animal Care. Germ-free Swiss Webster mice or Restricted Flora (RF) Swiss Webster mice (Taconic) were maintained in gnotobiotic isolators on a 12 hr light cycle and fed ad libitum a standard autoclaved chow diet (LabDiet 5K67). Groups of at least four mice were used for competition experiments between GFP-expressing and non-expressing strains so that a 2-fold change in abundance with expected variance of 0.55 can be detected with a 90% power. Mice were randomized and inoculated via oral gavage with $10 8 total Bacteroides colony forming units (CFU), either a single strain or equal proportions of mixed strains. Fecal pellets were plated, without exclusion, on BHI-BA with gentamycin and erythromycin, grown at least 24 hr, and individual colonies were picked for fluorescent assay based enumeration. After one day ( Figures 5E and  6 ), 8 days ( Figure 6 ), 2 weeks ( Figures 5B-5D ), 4 weeks ( Figure 3C ) or 10 weeks ( Figures 3A and 3B ) mice were sacrificed using CO 2 asphyxiation and cervical dislocation in accordance with approved protocols and tissue was immediately harvested and processed as described below.
METHOD DETAILS
High throughput plasmid construction, conjugation and integration Assembled construct designs were based on the mobilizable Bacteroides element NBU2 (Wang et al., 2000) , which integrates into Bacteroides genomes at a conserved location. Basic part plasmids were created by cloning each part, flanked with the BsaI restriction site and 4-base overhangs specified in Figure S1 , into a standard cloning vector, pWW3056, using NotI/SbfI restriction sites. See Tables S4 and S5 for a list of oligonucleotides, basic part plasmids, and their corresponding sequences. Golden Gate reactions were carried out according to standard procedures (Engler et al., 2008) , using any combination of basic part plasmids above, synthesized sequences, PCR products, or PNK-treated annealed oligonucleotides (annealed to generate BsaI digestion equivalent overhangs). Completed Golden Gate reactions of 4 mL were transformed with addition of 20 mL of chemically competent E. coli S17-1 (Simon et al., 1983 ) cells (mid-log cells resuspended 1:20 in TSS/KCM: LB medium with 8.3% PEG-3350, 4.2% DMSO, 58 mM MgCl 2 , 167 mM CaCl 2 and 457 mM KCl), followed by a 90 s heat shock at 42 C, recovery at 37 C for 30 min, a dilution into 600 mL LB medium with Ampicillin (150 mg/mL) in a deep well 96-well plate (Corning 07-200-700) and aerobic growth at 37 C. A Bacteroides culture was prepared with overnight anaerobic growth in TYG. At mid to late log growth, 200 mL of the transformed S17-1 cells were spun down, resuspended with 10 mL of a 1:10 concentration of the Bacteroides culture, and added to a deep well 96-well plate containing 400 mL of solidified BHI-BA per well. After at least 16 hr, the lawn of S17-1 and Bacteroides were resuspended in 400 mL of TYG by vortex or pipetting, 200 mL of the resuspension was spun down and resuspended in 15 mL TYG and several dilutions in TYG were made. 3 mL of the resuspension and its dilutions were spotted onto a 120 3 120 mm square petri dish containing BHI-BA plus the appropriate antibiotics (200 mg/mL gentamycin, and 25 mg/mL erythromycin or 2 mg/mL tetracycline). RBS library constructs were generated using degenerate oligonucleotides and introduced using the pooled method above; after Bacteroides colonies each with a genomically integrated unique RBS construct are screened for the correct phenotype (e.g GFP or luciferase expression), the genome of the suitable strains was PCRed to determine the RBS sequence. Of the species tested here, Bf produces the fewest and Bv produces the most transformants. Bacteroides colonies can be picked after a 24 hr anaerobic incubation at 37 C.
Assessing high-throughput cloning and genomic integration pipeline success rates The likelihood of obtaining a colony with a correctly assembled, integrated plasmid was extracted from phenotypic data ( Figure 5 ). The 40 constructs that produce within 10,000-fold of the maximum expression were considered for each of the four species. Four biological replicate Bacteroides colonies were picked for each construct within each species, and each was expected to be derived from a uniquely generated plasmid since conjugation to E. coli transformants was performed in batch. Replicates with a deviation from the median by at least an order of magnitude were considered to be incorrectly assembled. All such misassembles were at least 50-fold lower than expected and close to background levels of luminescence. Samples with substantially lower growth at the time of the assay as determined by OD 600nm were excluded from the analysis, although inclusion of wells with little or no growth only substantially impacted Bv calculations with a reduction to 90% correct.
Culture reporter expression and fluorescent assays
To assay Bacteroides strain reporter activity, glycerol stocks of Bacteroides strains were streaked out on BHI blood agar plates with the appropriate antibiotics (200 mg/mL gentamycin, and 25 mg/mL erythromycin or 2 mg/mL tetracycline), and after a 24-30 hr anaerobic incubation at 37 C, at least 3 colonies were picked into TYG with antibiotics (25 mg/mL erythromycin or 2 mg/mL tetracycline) and grown anaerobically at 37 C for 14-20 hr. Endogenous fluorescence from super-folding GFP (Pé delacq et al., 2006) and mCherry (Shaner et al., 2004) was measured after twice spinning cultures down and resuspending in PBS followed by oxygen exposure for at least 60 min. The Nano-Glo Luciferase Assay System (Promega) was used for luciferase assays. Fluorescence, OD 600 and luminescence readings were taken on a TECAN Infinite 200 PRO microplate reader with a 5 nm band pass excitation/emission of 488/510 and 580/610 nm for GFP and mCherry respectively.
Absolute luciferase expression quantification A standard curve for quantifying luciferase concentration was produced using purified luciferase protein (Promega; NanoLuc-Halotag Protein, 100 mg; Item #: CS188401). The luciferase protein (8 mg/ml; 54.2 kDa) was diluted either 1:2,000 or 1:20,000 into PBS + BSA, and serially diluted (1:4) in PBS + BSA. Luminescence was measured with Nano-Glo Luciferase Assay System (Promega), and dilutions of between 8 3 10 3 and 8.2 3 10 7 produced reading within the linear range ( Figure S4B ). Simultaneously, cultures were grown in triplicate and similarly assayed for luciferase as described above, as well as plated giving on average 5 3 10 6 CFU/ml. Cells harboring the strongest phage promoter when diluted 1:400 produced luminescence corresponding to 10 pg/ml (0.18 nM) of purified protein.
Assuming an intracellular volume of approximately 1 mm 3 , corresponding to an intracellular volume of 0.5% of the culture volume, the intracellular concentration of luciferase is expected to be approximately 14 mM (calculated as: 0.18 nM x 400 / 0.5%).
Concentrations for the strains harboring the other seven promoters was similarly calculated and plotted in Figure S4C .
Fitness assays
Culture fitness assays were conducted by streaking out glycerol stocks of GFP-expressing (harboring pWW3351) or non-expressing Bt (harboring the pNBU2 plasmid with erythromycin resistance and lacking an expression cassette), picking eight colonies of each and growing in TYG + erythromycin (25 mg/mL) overnight. Each biological replicate of GFP-expressing Bt was mixed with one replicate of non-expressing Bt, subcultured at 1:1000, and grown for 24 hr. Each replicate was subcultured as such for 11 successive growth cycles, yielding a test of roughly 110 bacterial generations in each of the eight replicates. After each growth cycle, cultures were sampled and centrifuged at 14,000 x g, resuspended in a half volume of PBS, and assayed for bulk GFP fluorescence relative to a standard curve of GFP-expressing and non-expressing cells.
In vivo gnotobiotic fitness experiments were conducted by similarly preparing a mix of the two strains from overnight culture, and inoculating and maintaining five mice as described above. Bacterial densities were determined using serial dilution of samples taken from fecal pellets of each mouse three times a week. Forty-eight colonies for each mouse at each time point were picked and assayed for fluorescence as described above and weekly data were averaged for each mouse to provide an average proportion of GFP expressing Bt for each mouse each week.
In vivo fitness experiments in conventional restricted flora (RF) mice were performed by gavaging four mice per group, with either of the GFP or non-GFP expressing strains used above, both which contain vectors with erythromycin resistance. The colonization level of introduced Bt was assessed by dilution plating on selective blood-agar plates with gentamycin and erythromycin antibiotics, for which no background growth from RF animals could be detected prior to inoculations. Total anaerobic CFU was assessed by dilution plating on blood-agar lacking antibiotics. Plates were incubated anaerobically at 37C for at least 24 hr. Colonies resulting from plating fecal samples on day 30, 46 were picked from each mouse and resulting fluorescence was assessed. All colonies yielded the expected level of fluorescence (either $0% or $100%) when compared against positive and negative controls grown from frozen stocks. Eight of these colonies from each mouse were subject to further tests, and were confirmed to be Bt (by a Bt-specific PCR amplicon, and by spot-check 16S rDNA sequencing).
Transcript measurements RNA was isolated with RNeasy kits (QIAGEN) applied to either cecal or fecal contents treated with phenol-chloroform and bead beating, or cultures were treated with RNAprotect (QIAGEN) and lysozyme as previously described (Martens et al., 2009; Ng et al., 2013) . RNA was converted to cDNA with Superscript II (Invitrogen) followed by qRT-PCR analysis with SYBR Green (ABgene) in an MX3000P thermocycler (Stratagene). The normalized transcript levels, GFP/16S, were determined by amplification of GFP and 16S, with primers tggtgttcagtgctttgctc / agctcaatgcggtttaccag and cgttccattaggcagttggt / caacccatagggcagtcatc respectively. Primers agctgtcaccggatgtgc / gcctctacaaataattttgtttaac were used to measure uncut transcript levels across RiboJ, and primers gtagtacagatgaacttcagcg / gaccgttgacatcaccatccag were used to measure total transcript.
Mutational analysis of phage promoter
For each promoter variant assayed, a unique strain was generated, as described above, using a three-piece Golden Gate assembly of a pair of PNK treated annealed oligonucleotides manufactured by Integrated DNA Technologies (typically two 28-base-pair oligonucleotides) containing the specific mutation, combined with upstream and downstream plasmid parts to create an expression plasmid identical to pWW3452 but with a single promoter mutation. The assembly and integration process was repeated three independent times to better identify outliers in expression due to errors in plasmid synthesis. All strains producing less than 75% the native promoter activity were sequence verified with PCR from genomic DNA and Sanger sequencing. 98% of the verified mutations outside of the highlighted regions of importance ( Figure 4A ) produced over 75% of P BfP1E6 -driven fluorescence.
Tissue preparation and microscopy Harvested tissues were immediately transferred to a 4% paraformaldehyde solution in PBS for a 48 hr fixation. Samples were then embedded in O.C.T. Compound (Tissue-Tek) and sectioned to either 4 mm ( Figures 5B-5D ) or 100 mm thickness ( Figures 5E and 6 ) on a Leica CM3050 S cryostat. 4 mm sections were fully dried; 100 mm sections were immediately processed without drying. All samples were stained for 45 min with 4 0 ,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) and Alexa Fluor 594 Phalloidin (Life Technologies), and 100 mm sections were also stained with Fluorescein labeled Ulex Europaeus Agglutinin I (UEAI; Vector Laboratories), followed by a PBS wash and mounting in VECTASHIELD (Vector Laboratories). Images were taken on a Zeiss LSM 700 confocal microscope using lambda mode to obtain independent spectral profiles for each of the 488 nm, 555 nm and 639 nm lasers.
Image processing and transformation
Linear unmixing was applied to each spectral profile independently to separate the following channels: DAPI, GFP, UEAI, mCherry, and Phalloidin for Figure 5B -5D, and DAPI, GFP, mCherry and autofluorescent plant material for Figure 5E . Linear deconvolution was applied (ImageJ plugin Diffraction PSF 3D by Bob Dougherty) to all channels except UEAI and plant material, and the default ImageJ despeckling plugin was applied. To generate the single cell expression profiles ( Figure 5A and 5B), the deconvolved DAPI image was thresholded, a mask was generated for lumen-side objects of approximately bacteria size (.1 to 1 mm 2 ), and a watershed algorithm was applied to help separate contacting cells. Then the average GFP and mCherry value was determined for each object (single bacteria cell) and the 2D-histogram was plotted with MATLAB. Thresholds for cell classification ( Figure S5G ) were set to the minimum frequency fluorescent intensities of each one-dimensional (GFP or RFP) histogram. To visually distinguish log-separated GFP values, thresholds were chosen based on the GFP/mCherry single-cell fluorescent profiles, to transform the following GFP/mCherry categories to unique colors: low/low = blue; medium/low = cyan; high/low = green; low/high = red; medium/high = orange; high/ high = yellow. Additionally, to better visualize ambiguity in category calls, values within 1.75-fold and 6-fold of the GFP and RFP thresholds, respectively, are colored gray. Each pixel was independently transformed to the value determined by the GFP/mCherry category, multiplied by the DAPI value, and overlaid with the UEAI and Phalloidin channels ( Figure 5B-5D ) or plant material ( Figure 5E ). Cells containing more than 25% pixels of another category or near threshold values (gray pixels) are considered to be ambiguous calls.
QUANTIFICATION AND STATISTICAL ANALYSIS
The details of the statistical analysis, including the statistical test, n, distribution and deviation are reported in the figures and corresponding text or legends. Unless otherwise stated, statistical significance is determined by Student's t test with n of at least 3, and error bars represent the 95% confidence interval for the mean. Statistical analyses were performed in Microsoft Excel and MATLAB.
DATA AND SOFTWARE AVAILABILITY
Source data for Figure 4A is provided with the Table S2 . All plasmid sequences have been deposited in GenBank (GenBank: KY776503-KY776554) and are summarized in Table S5 . Additionally, all relevant data are available from the authors upon request.
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Supplemental Figures Figure S1 . Golden Gate Assembly Schematic for pNBU2-Based Plasmids, Related to Figure 1 The junctions used in BsaI assembly of expression cassettes are capitalized. The split ampicillin resistance gene only functions when reassembled, thus eliminating carry through of undigested parts. BsmBI can be subsequently used for assembling multi-cassette integration plasmids. Student's t test). When repeated in triplicate, the highest expression strain from the AT-rich library produced fluorescence at 1.4 au.
(B) RBS libraries were generated similarly for P BT1763 -driven GFP expression and at least 72 colonies for each library were screened. Similar to P rRNA , the AT-rich libraries produce a population with higher fluorescent expression than the other two libraries (p < 2 3 10
À6
). Additionally, the fluorescence readings from the strains of the AG rich RBS library were significantly weaker than those of the unbiased degenerate RBS library (p = 4 3 10 À5 ).
(C) The phage promoter length, in base-pairs, used to drive GFP expression is indicated with positions relative to the putative translation start site. The promoter sequence spanning from À100 to +20 produced the highest expression and was designated P BfP1E6 . Error bars represent the 95% confidence interval from 3 biological replicates. Figure S3 . GFP-Expressing Bt In Vitro Fitness and In Vivo Expression, Related to Figure 3 (A) To allow monitoring the proportion of a population expressing GFP for an in vitro fitness experiment by measurement of bulk fluorescence, a standard curve was generated comparing bulk fluorescence to GFP positive CFUs for cultures with different proportions of GFP expressing cells.
(B) Bt with P BfP1E6 -driven GFP expression was mixed 1:1 with a non-expressing Bt strain, and passaged (1:1000 dilutions) and assayed daily for bulk fluorescence (black) over 11 days. On day 11 cultures were also plated to determine the fraction of GFP positive CFUs (red). Error bars represent the 95% confidence interval from 8 independent biological replicates.
(C) To demonstrate the imaging based method for quantifying GFP positive cells as a complimentary method to the plating data shown in Figure 3A , a 203x203 mm confocal image is shown of a distal colon section with endogenous GFP fluorescence and staining with DAPI for host nuclei and bacteria (blue) and phalloidin for the host epithelial boundary (magenta). Dietary material also fluoresces strongly in the DAPI channel and can be distinguished from bacteria by its large size. Scale bar, 10 mm.
(D) In an expanded portion of (C) represented by the white dashed box, bacteria with only DAPI (blue) or DAPI and GFP fluorescence can be seen. Scale bar, 1 mm. Figure S4 . Conservation of the Upstream Region Important for Phage Promoter Function in Native Bt Promoters and Quantification of Absolute Protein Expression, Related to Figure 4 (A) For each gene in the Bt genome, a candidate promoter sequence was identified by the presence of the À7 conserved sequence, TAnnTTTGnnn, ending within 10 to 60 nucleotides of the start codon of the first gene in the operon (operons predicted by microbesonline.org). These criteria were met for 898 genes, which were entered into the WebLogo 3 (http://weblogo.threeplusone.com/) sequence logo creation software to illustrate the information content of each residue. The À33 box reported to conserve the TTTG sequence is highlighted in blue and the upstream regions found to be important in the P BfP1E6 promoter mutational analysis are highlighted in red, with the sequence of P BfP1E6 aligned below the logo for reference. Despite this analysis likely misidentifying some putative promoters, the À33 region does appear to be conserved in this dataset, and the À50 region appears to be more highly conserved. (B) A standard curve of luminescence produced from purified NanoLuc (Promega) luciferase protein is shown for estimating the absolute protein concentrations. The linear fit to the log10 values and the corresponding equation and R 2 is shown.
(C) Luminescence produced by NanoLuc driven by the different phage promoters in Figure 4B was measured concurrently with the standard curve and compared. Using measured CFUs (5 3 10 6 CFU/mL) and other estimates (see STAR Methods) that corresponded to a $0.5% cytoplasmic fraction of saturated culture volume, the absolute cytoplasmic concentration of NanoLuc is estimated for each strain.
(D) Relative expression from promoters P_BfP1E4, P_BfP5E4, P_BfP2E5, P_BfP4E5, and P_BfP1E6 driving GFP (green) or mCherry (red) is compared to corresponding luciferase expression (gray).
